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The structure of evaporated films of eight different metals in thicknesses from 30 I 
served in the electron microscope and correlated with their optical properties. ~ 
thinner than a characteristic thickness was found to be aggregated. For each film 1 
lengths in the visible were determined from the measured transmissions and i 
tion is shown to affect the structure and the optical properties, slow rates in gene 
structure and increased light absorption. I _ . 

The Gamett theory has been used to explain the peculiar variation with thickneks ^ the optical properti^ 
of thin metallic films in terms of the observed structure of the films and the bulk propsrtie/df~ ' > 
presence or absence of absorption maxima and their change with wave-length can oe|>redicti 
* on the basis of this theory for all the films studied. \^ r^^,^ 




IlfTRODUCnON 

IT is well known that thin films of a number of metals 
show brilliant colors while those of other metals 
have only a metallic appearance. The similarity between 
the colors of gold films and colloids of that metal was 
first reported by Faraday^ in 1857 and led him to sug- 
gest an aggregated structure for the thin films. 

The optical constants, n the refractive index and k 
the extinction coefficient, have been determined for 
metallic films by a number of different methods. 
Pogan3r' found n and k for platinum, palladium, gold, 
and silver films from the change in polarization of light 
reflected from the films. However, most workers have 
measured the transmission and reflection of the films and 
employed graphical methods' to determine the values 
of n and k. In this way Murmann^ found a maximum 
in the product nk for silver films at a thickness of ap- 
proximately lOOA. Krautkromer has reported a similar 
variation in the case of gold films.* 

The electromagnetic theory was applied to the optical 
properties of thin films by Drude* in 1894. This gaye 
good agreement with experiment for films thicker than 
about 200A by assuming that the films were continuous. 
However to maintain the agreement in thinner films a 
marked change of the optical constants with thickness 
had to be postulated. In 1904 Gamett^ showed that 
this change in the optical constants from those of the 
bulk metal could be explained by assuming that the 
thinner fihns were composed of numerous small ag- 
gregates. 

In the early work the structure of films could be 
inferred only from studies of the various properties. 
Light microscope observations showed that in thick 



* Part of this research was carriied out while one of the authors 
.(R.S.S.) was a holder of a Studentship from the National Re- 
search Council of Canada. 

*M. Faraday, Trans. Roy. Soc. (London) 147, 145 (1857). 
« B. Pogany, Ann. d. Physik 49, 531 (1916). 
»K. Fdrsterling, Ann. d. Physik 30, 745 (1937). 
«H. Murmann, Zeits. f. Physik 80, 161 (1933). 

• J. Krautkrdmer, Ann. d. Physik 32, 537 (1938) . 
•P. Dnide, Ann. d. Physik 51, 77 (1894). 

' J. C. M. Gamett, Trans. Roy. Soc. (London) 203A, 385 (19(H). 



films of a number of metals aggregates appeared up)on 
heating.* Though x-ray and electron diffraction studies' 
suggested that metal films in general are aggregated, 
this fact has been proved conclusively by electron 
microscope observations.^^ These latter results have 
shown that films of most metals thinner than a charac- 
teristic thickness are composed of separate aggregates 
with definite channels between them. However no de- 
tailed comparison has been reported between the struc- 
ture observed in the electron microscope and the ex- 
perimentally determined properties. 

EXPERIMENTAL 

The variation with thickness of the structure and of 
the optical properties was determined for films of the 
following metals: silver, gold, copper, aluminium, an- 
timony, nickel, palladium, and chromium. 

The films were formed by vacuum evaporation of the 
metal from a timgsten filament or a molybdenum boat. 
The techniques involved in such evaporations have been 




Fig. 1. Similarity of the structure of silver on Formvar and on 
silica substrates. 
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» E. N. da C. .\ndrade and J. G. Martindale, Trans. Rov. 
(London) 235 A, 69 (1935). 

» A. G. Quarrell. Proc. Phys. Soc. (London) 49, 279 (1937j. 

"R. G. Picard and C. S. Duffendack, J. App. Ph\-s. 14, 291 
(19431. 

" H. Levinstein. J. App. Phys. 20, 306 (1949). 
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STilUCTURE OF EVAPORATED METAL FILMS 



Structure and Optical Properties of Silver Films Evaporated Slowly 




Fio. Ja. Electron micrographs of sUver filois 
dqsosited in 20 minutes. 
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Fig, 3b. Transmission and reflection of silver films 
deposited in 20 minutes. 




Fio. 3c. Variation of transmission and reflection with thickness for 
different times of evaporation (at 6500A). 
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Fic, 3d, The absorption of silver films against thickness 
for different rates. 
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Fig. 4. Difference in structure of silver films of approxiraately 
the same thickness (a) deposited in 20 min. (b) deposited in 
75 rain. 

outlined by Oisen^ Crittenden, and Smith." The pres- 
sure in the evaporating unit was in all cases below 
10~^ mm Hg. It was found that, for a given thickness, 
films produced even at quite large angles of incidence 
of the metal on the substrate were similar in structure 
and optical properties to those produced at normal 
incidence. For this reason a range of thicknesses was 
obtained from each evaporation by using the variation 
with both distance and angle of incidence along a plane 
surface. One or two 3-in. microscope slides usually pro- 
vided an adequate series of thicknesses. 

Mounts, for examination of the films in the electron 
microscope were made on Formvar fihn about 150A 
thick, supported by stainless steel mesh, which were 
placed along the microscope slide. The mounts were of 
necessity exposed to the atmosphere for a short time 
(up to 30 min.) before being transferred to the micro- 
scope, but for the metab studied apparently no change 
in structure occurred. This has been verified by a 
comparison of the structure of films formed by evapora- 
tion within the microscope, a report on which is to be 
presented elsewhere. Electron diffraction of silver fihns 
exposed to the air for several days indicated the pres- 
ence of silver sulphide and silver oxide, but no trace of 
these impurities could be found in samples exposed up 
to thirty minutes. 

In obtaining micrographs care was taken to prevent 
possible effects of the electron beam such as elevated 
local temperatures and contamination which are known 
to occur with high intensity and long exposures. Though 
it has been suggested that the aggregated structure ob- 
served in many thin metallic films may be due to 
bombardment by the electron beam,*' it was demon- 
strated that this was not so by shadow-casting an 
aggregated film before placing it in the microscope. The 
image in this case showed each aggregate with its 

» Olaen, Crittenden, and Snuth, J. App. Phy». 16. 425 (1945). 
" D. A. Was, Physica 6, 382 (1939). 



corresponding shadow proving that the aggregates were 
unchanged from those in the original film. 

The optical transmissions and reflections of the films 
were determined using a constant deviation spectro- 
scope fitted with a photo-multiplier 931 A. The glass 
miaoso^ slide with the film was mounted on the table 
of a goniometer which carried a white-light source, a 
condensing lens and a lens to project an image of a 
small area of the film onto the slit of the spectroscope. 
Both the source and the power supply for the photo< 
multiplier were stabilized. With the output of the 
photomultipHer coimected directly to a microanuneter, 
the response of the system was linear with incident 
intensity for output currents up to 250 microamp. 
The transmissions and reflections of fihn areas 2X0.5 
mm could detennined to ±2 percent for wave- 
length hands of less than lOOA throughout the visible. 

The. transmission coefficient, T, of the film was de- 
termined by taking the light transmitted by the clear 
glass as reference intensity. For the reflection coeffi- 
cient, R, the reflection from a previously measured silver 
surface was used as reference intensity. An approximate 
correction to R was made by subtractmg T^R^ from the 
observed reflection for the film on the slide, where Rg 
is the reflection of the glass slide itself. The absorption 
coefficient of the film, i4, was found by assuming 
T-\-R-\-A = 100 percent. It is clear that A includes the 
light scattered by the film. The scattered light was 
measured at different angles for a slowly evaporated 
silver fihn 150A thick and it was estimated that the 
total scattering was about 1.5 percent at 5500A. The 
value of il in this case was about 40 percent. Since for 
smaller absorptions it was found that the scattering 
was even a smaller fraction of ^, it was considered that 
for the purposes of this paper the scattering could in all 
cases be neglected. 

It is to be noted that the optical properties were 
measured for films deposited on glass whereas the struc- . 
ture was observed for fihns on Formvar. It was found 
however that films produced on Formvar coated glass 
slides had the same optical properties as films similarly 
produced on glass itself. Furthermore the structure of a 
film on Formvar was found to be the same as that of the 
film on silica. This is illustrated in Fig. 1, which is a 
micrograph of an aggregated silver film. Polystyrene 
spheres'^ on Formvar were first heavily shadow-cast 
with silica before evaporating the silver, so that in the 




FtC. 5. Gold film 75A thick, deposited in 2 sec.~ 
R. C. Backus and R. C. Williams, T. App. Phya. 20, 224 

(MOV ■* . ' 
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Fig. 6. The optical absorption of (2-sec.) gold films against 
thickness for different wave-lengths. 

**shadow" the silver has a Fonnvar substrate whereas 
in the adjacent areas it has a silica substrate. It is 
evident that the aggregated structure is similar in the 
two areas.f Similar observations were made for Fonnvar 
and chromium as substrates for silver. For certain 
metals, e.g. zinc and cadmium (not among those con- 
sidered here), the structure on chromium was found to 
be different from that on Formvar. 

The thicknesses of the films could be estimated from 
the mass of metal evaporated. However measurements, 
which were accurate within 5 percent, were made by an 
extension of the multiple interference method discussed 
by Tolansky." This yields an average value equivalent 
to that given by the mass per unit area for aggregated 
as well as continuous films. Details of the techniques 
employed here wiU be published separately. 

RBSULTS 

(a) SUver 

The major part of the experimental work was done 
with silver fihns which, with decreasing thickness, dis- 
play blue and red colors. A series of micrographs indi- 
catmg the change in structure with thickness for rapidly 
evaporated silver films is given in Fig. 2a. The micro- 
graphs indicate that as the film grows the aggregates 
initially formed increase in size but at first remain well 
separated. With increasing thickness the aggregates 
begin to join and then merge together leaving only a few 
"cracks" which in turn are finally obliterated. 

The transmissions and reflections of these fihns 
are plotted against wave-length in Fig. 2b and against 
thickness m Fig. 2c. The absorptions have a maximum 
foraU wave-lengths at thicknesses somewhat less than 
lOOA (Fig. 2d). As can be seen from the micrographs 
this is just below the "critical" thickness— that for 
which the aggregates begin to merge and for which, as 
is well known, a rapid decrease in the electrical resis- 
tivity of the film occurs. 

(b) Rate of Evaporatioii 
The effect of the rate of evaporation was studied by 
forming fih ns in different times, viz. : 1.5, 8, 20, 30, and 

fAll microgTaphs shown are reversed in contrast, the metal 
ai^ttring light on a dark background, and are at 75,OOOx. 

r^r^ JSlSS^y' ^^^P^Beam Intaferamdry (Oarendon Press, 
Oxford, 1948). 



75 minutes and comparing their structure and proper- 
ties which the "fast" films referred to m (a), which were 
formed in about 2 seconds. The more slowly evaporated 
silver fihns were in general more intensely colored. 
Micrographs showing the variation in structure with 
thickness for films formed in 20 minutes are given in 
Fig. 3a. It is clear that the "slow" fihns are generally 
more aggregated for thicknesses over lOGA. A compari- 
son of the structure and thickness of the slow films of 
Fig. 3a with the fast films of Fig. 2a shows that the 
aggregates of slowly formed fihns tend to grow more in 
height, i.e., become thicker before joining together than 
do the aggregates of rapidly formed films which tend to 
remain thin and grow out over the substrate. For ex- 
ample the 175A 20-niin. film exhibits well-separated 
aggregates whereas the 180A 2-sec. film is almost con- 
tinuous. This effect is further illustrated in Fig. 4, in 
which a 580A film formed in 20 minutes can be com- 
pared with a film of essentially the same thickness 
(560A) formed ui 75 minutes. 

The optical transmissions and reflections are shown, 
against wave-length for a 20-min. evaporation in Fig, 
3b, and against thickness for different rates at 6500A 
in Fig. 3c. The effect of rate of evaporation on the optical 
properties is most strikingly indicated by the plot in 
Fig. 3d, of the absocption at 6500A against thickness for 
different times. For slower rates the peak in the curve 
broadens and moves to greater thickness. The absorp- 
tion of a 300A fihn increases from about 2 percent at 
2 sec. to 40 percent at 75 min. From work with other 
metals as well as silver this result appears to be quite 
general and suggests that for the optical metallic coat- 
ings usually required evaporations sJiould be carried out 
as rapidly as possible. The practical importance of rate 
in such evaporations was apparently first noted by 
Crawford, Gray, Schawlow, and Kelly** of this labora- 
tory, in the preparation of aluminium coated inter- 
ferometer plates. 

(c) Temperature of Substrate 

Temperature can have a marked effect on the struc- 
ture of evaporated fihns. In the foregoing experiments 
the temperature of the substrate remained in all cases 
less than 35^C. However it was found that silver films 
formed on substrates at higher temperatures (70* to 
300**C) showed greater aggregation and more pro- 
nounced colors, the changes increasing with tempera- 




Fig. 7. C(^pcr film 120A Ihick (2-sec. evaporation). 



» Crawford, Gray, Schawlow, and Kelly, J. Opt. Soc. Am. 39, 
888 (1SM9). •» > 
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Fig. 8. The absorption of aluminum films against ibickness. 

ture. Heating normal ''fast" films after formation pro- 
duced films that were similar to those formed at the 
. higher temperature. 

(d) Other Metals 

Rapidly evaporated (2-sec.) films of a number of 
other metals were studied to determine the dependence 
of optical characteristics on the properties of the metal. 

(I) Gold 

The structure resembled very closely that of the 
2-sec« silver fihns. The thickness for which the aggre- 
gates began to merge was found to be approximately 
180A which is slightly greater than in the case of silver. 
Thinner films consisted of well-defined aggregates (see 
Fig. 5) while thicker fihns had a mottled appearance 
even when the substrate was completely covered. 

The thinner gold fihns appear green and blue by 
transmitted light, red by reflected light. The variation 
in the transmission and reflection with thickness is 
rather similar to that of silver. The variation of the 
absorption with thickness (Fig. 6) shows a maximum 
for wave-lengths greater than 5000A, but only a gradual 
increase with thickness for shorter wave-lengths. 

(2) Copper 

The structure was also aggregated in films thinner 
than 200A (Fig. 7), but the aggregates did not appear as 
regular or as well-defined as in gold or silver films. 

The light transmitted by copper films 200A thick was 
of a green color which changed to blue at thicknesses 
below 50A. The variation of the absorption coefficient 
with thickness was similar to gold but the maxima occur 
at slightly greater thicknesses and only for wave- 
lengths above 5500A. 

(3) Aluminum 

Aluminum fihns had an aggregated structure at all 
thicknesses less than 300A. The aggregates appeared to 
have poorly defined boundaries, but to maintain their 
mdividuality even m quite thick fihns. 



Aluminum films showed little color effects by either 
transmitted or reflected light. The variation of the ab- 
sorption with thickness (Fig. 8) gives maxima for all 
wave-lengths at a thickness of approximately 250A, 
which are not as pronounced as in the case of silver 
particularly at the shorter wave-lengths. The maxima 
occurring at larger thicknesses (lOOOA) correspond to 
minima in the reflection due to interference effects 
within the .fihn. 

(4) Antimony 

In antimony films thinner than 400A, well-defined 
regularly shaped aggregates were observed as shown in 
Fig. 9. The films appeared brown by transmitted light 
since the transmission was greater at all thicknesses 
for the longer wave-lengths. However, in contrast to the 
metals discussed above the absorption was found to 
increase continuously with increasing fihn thickness as 
shown in Fig. 10. 

(5) Nickel 

Fihns thinner than 300A had an aggregated structure. 
Very small aggregates were observed in the thinner 
fihns (Fig. 11). The light transmission at thicknesses 
greater than lOOA was very nearly the same for all 
wave-lengths in the visible. With thinner fihns there 
was a slight maximum at 5000A giving a green color to 
the films. Figure 10 shows the gradual increase in the 
absorption with increasing thickness. 

(6) Palladium 

Thin fihns appeared to have a fine aggregated struc- 
ture although in general they were much more continu- 
ous than the films described above. The films showed 
very little color either by transmitted or reflected light. 
The absorption was found to be slightly greater at shorter 
wave-lengths but increased continuously with thickness 
(Fig. 10). 

(7) Chromium 

With the resolution obtainable in the electron micro- 
scope, chromium films even as thin as 20A appeared 
continuous. The variation in the absorption with thick- 
ness showed only a gradual increase (Fig. 10) as in the 
case of antimony, nickel, and palladium films. 

DISCUSSION 

The migration of the metal after reaching the sub- 
strate is probably the most important factor in de- 




FlC* 9. Antimony film 180A thick. 
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Fic. 10. VariaUon of the absorption of Sb, Ni, Pd, Cr. 
films with thickness (at 6000A}. 

termining the sUble fonn of thin metallic films. Some 
of the features of the process of migration have been 
discussed by Lennard-Jones*^ and by Appleyard.** It 
is clear that the migration will depend on the metal, 
the nature of the substrate, and the substrate tempera- 
ture. The results on rates given indicate that the 
migration is a function also of the intensity of the 
incident stream of atoms, i.e. the number of atoms 
incident on unit area per unit time. It should be noted 
that in the experiments described here the intensity 
is not independent of film thickness, though the 
thicknesses studies varied by only a factor of 10 whereas 
the evapozation times were changed by a factor of over 
2000. The manner in which the structure of the film 
depends on the rate of arrival of atoms at the substrate 
and their migration time and distance after reaching 
the substrate is not immediately evident. The experi- 
mental results however suggest that in the rapidly 
evaporated films the migration of an atom is altered by 
the subsequent . arrival of other atoms in the same 
vicinity and presumably during what, would be the 
normal or independent time of migration. 

The brilliant colors observed in thin films of silver, 
gold, and copper caimot be explained by any of the 
ordinary principles of interference and diffraction. 
However, as has been described, they do depend on (1) 
the structure of the film since marked changes were 
produced by altering the rate of formation or the tem- 
perature either during or after formation, and on (2) 
the properties of the metal since films of different 
metals but with similar structure have quite different 
optical properties. Such results can be explained quali- 
tatively from the theory of solids*^ by considering the, 
absorption to be due to the free and bound electrons 
with the free electrons being more important for the 
longer wave-lengths and the bound electrons for the 
shorter wave-lengths.. The transition between the two 
effects occurs in the ultraviolet for silver and aluminum, 

"J. E. Lennard- Jones, Trans. Faraday Soc. 28. 333 (1932). 
» E. T. S. Appleyard, Proc. Phya. Soc. (London) 49, 118 (1937). 
»»N. F. Mott and H. Jones, The Theory oj the Properties of 
Mt$qUmid Alloys (Oxford University Press, New York, 1936). 



in the visible for gold and copper, and in the infra-red 
for antimony, nickel, palladium, and chromium. 

In the case of thick films the observed properties are 
very similar to those of the bulk metal. However 
marked differences occur in thinner films where the 
structure becomes aggregated. It may be assiuned 
that for the aggregated fihns the absorption due to the 
free electrons will greatly increase. This was found in 
silver and aluminium films at all wave-lengths, and in 
gold and copper films for wave-lengths greater than 
5500A. However the absorption due to the bound elec- 
trons should show only a gradual change as was found 
in gold and copper films for wave-lengths shorter than 
5500A and in antimony, nickel, palladium, and chro- 
mium films for all radiations in the visible, 

A classical theory developed by Gamett' can be used 
to explain some of the observed results in more detail. 
Using Rayleigh's calculation of the dipole induced in a 
metal sphere by a periodic electric field,** and Lorentz's 
result for the mutual influence of neighboring dipoles,'* 
Gamett derived an expression for the effective refrac- 
tive index n' and the effective extinction coefficient 
of a medium consisting of randomly distributed uni- 
form metal spheres of radius much less than the wave- 
length of the exciting radiation. The calculation led 
to the following expressions for n' and k' in terms of 
n and A, the values for the bulk metal: 



3qb 



3(l-ga) 



(1) 



(2) 



where q is the volume of metal per unit volume of 
medium and necessarily 0<^< 1, and 

(jfe'-n'+l)(ife*-n*-2)+4n«ife« 
a= , (3) 



{ife«-Ff«-2)«-f4nV 
3nk 



(4) 



Gamett then extended this theory to thin fihns in 
which case q depends on the structure and thickness of 
the film. 

The product n'k' gives a measure of the absorption 




Fig. II. Nickel film 75A thick. 



» Lord RayleiKh, Phil. Mate. 44. 28 (1897). 
H. A. Lorenu, Ann. d. Phys. und.Chem. 9, 6il (1880). 
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Fig. 12. The values of n'k' for silver films calculated 
froin Gametics theory. 

of the film, the relationship derived by Goos** being: 

n'k'={\/4Ti)n,iA/T), (5) 

where / is the thickness of the film, nj is the refractive 
index of the substrate, X is the wave-length of light, 
T is the transmission of the film, and A its absorption. 
Differentiation of (1) shows that n'k' and therefore 
the absorption will have a maximum if 1/(0^+46*)- 
Since q must be less than unity, a'+4^>L Substitu- 
tion from (3) and (4) gives the condition that K>Ot 
where 

A'=2(ife*-«')»-9(ifc»-ti«)»+(12+8n«ife*)(ife«-n») 

--4-12n*jfe*. (6) 

The values of K calculated from the bulk constants" 
are given in Table I for the metals which were studied. 
This shows that for the cases where absorption maxima 
were observed, riz., silver, gold, copper, and aluminum, 
the value of IT is positive whereas in the other cases K 
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Fig. 13. The values of n'k* for silver films determined 
from the observed optical properties of the fitms. 



» F. Goos. Zetts. f. Pbysik 100. 95 (1936). 
» Inknuiienal CtUM TiOht. V, 24S (1929). 



is negative. Assuming 6 to be small relative to a, as it 
usually is, the approximate condition for the presence 
of an absorption maximum is that jb'~ii'>0.5, with 
the maximum in n'k' proportional to l/g6 and occurring 

for q= 1/a, 

In order to compare the above considerations with 
our results for the case of silver, the variation in n'k' 
with q was calculated from expression (1) and the plot 
is given in Fig. 12 for different wave-lengths. This 
shows that absorption maxima should occur, for suc- 
cessively shorter wave-lengths, at smaller values of q 
which correspond to decreasing thickness. The values 
of n'k' were also calculated from the observed absorp- 
tion by expression (5) and are shown plotted in Fig. 13, 
against thickness. It is seen that the absorption maxima 
for silver vaiy with wave-length in the manner pre- 
dicted by Gamett's theory, however they are smaller in 
value and broader. This may be explained by the fact 
that the fibns are composed of particles considerably 
different from the uniform spheres assumed in develop- 
ing the theory. 

Table I. Criterion for presence of a maximum in the variation 
of light absorption with thickness in thin metallic films: iir>0 for 
maximum. 



Metal 


X 


n 


k 




K 


Silver 


5890 


0.18 


20.6 


425 


1.5X10" 


Gold 


4000 


1.58 


1.13 


-1.22 


-107 




5800 


0.42 


6.65 


44J 


1.7X10* 


Copper 


3950 


1.17 


1.50 


0.88 


-5.3 


6000 


o:56 


5.51 


30.0 


5,2X10^ 


Aluminium 


5890 


1.28 


3.66 


11.8 


2,0X10* 


Antimony 


5890 


3.04 


1.63 


-6.6 


-2.6X10» 


Nickel 


5890 


1.79 


1.86 


0.25 


-35 


Palladium 


6000 


1,92 


1.31 


-1.9 


-270 


Chromium 


6080 


3.28 


IJl 


•9.7 


-4.4X10* 



Similar calculations for gold films show that absorp- 
tion maxima are predicted by the theory only for wave- 
lengths greater than 5000A, as indeed was found. 

When the fihns were prepared at a slower rate or 
heated during or after formation, they were found to 
be more aggregated which corresponds to a decrease in 
the value of q. For such changes the theory predicts 
that the absorption maxima should occur at shorter 
wave-lengths for the same thickness, or at greater 
thicknesses for the same wave-lengths. The latter case 
is illustrated in Fig. 3d. 

Gamett's theory can also be used to explain observa- 
tions on metals other than those studied here; for ex- 
ample, the absorption maxima found by Wood'^ in 
fihns of sodium and potassium which had an aggre- 
gated structure visible in the light microscope. Fukuroi" 
reported similar maxima in mercury, cadmium, and 
zinc films prepared and studied at low temperatures. 
As can be predicted from Gamett's theory, for each of 
these three metals the magnitude of the maxima in the. 

»• R. W. Wood, Phil. Mag. 38, 98 (1919). 
" T. Fukuroi, Inst. Phys. and Chipm. Res^cb Tokyo 32, 172 
(1937). 
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absorption varied with wave-length in the opposite 
sense to the variation for silver, gold, and copper. 

CONCLUSIONS 

Evaporated metallic films when sufEciently thin are 
in general aggregated in structure. The aggregation 
depends not only on the metal, the substrate, and the 
temperature, but also on the rate of deposition of the 
fihn. 

In the region of thickness for which marked changes 
of light absorption occur, the aggregates are beginning 
to merge to form a more nearly continuous film. 

Gamett*s classical theory of the optical properties 
of thin metallic films which is expressed in terms of the 
structure of the films and the optical constants of the 



bulk metal predicts, in a qualitative way, all the ob- 
served results. 

As rapid rates of formation reduce aggregation for a 
given thickness, and this in turn reduces the light ab- 
sorption, one of the conditions for the production of 
high quality reflection coatings is a high rate of deposi* 
tion of the metal. 
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Dark Adaptation Level and Size of Testfield 
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Data for dark adaptation curves were obtained for four square 'fields, .subtending respectively 2.5, 5, 10. 
and 20 degrees at the eye, (a) when the subject indicated when light could just be perceived and (b) when 
parallel fine lines could just be detected. The levels attained in both the cone and in the rod segments of this 
function were found to vary when the area of the testfield exposed to the eye was changed, being higher for a 
smaller than for a larger testfield. This denotes that sensitivity is greater for a larger than for a smaller field 
of retinal stimulation. These findings indicate that the limit between so called photopic and scotopic vision 
is not to be regarded as fixed and definite but as functionally variable. 



^ I ^HE retinal cones are usually regarded as the re- 
ceptive elements involved in photopic vision, and 
the rods basic to scotopic vision. The nature of the 
dynamic changes occasioned in each of the two kinds 
of retinal receptor during photic stimulation has 
recently been intensively investigated. First to be 
identified was a reversible cycle of changes occurring in 
the rods — ^rhodopsin;=±retinene^:±vitamin A, and later 
a similar cycle for the cones involving iodopsin has been 
detected.^ 

One approach to the study of the functional interre- 
lationship existing between photopic and scotopic 
vision conceivably may be made in terms of a careful 
study of the dark adaptation function. This function is 
based on sensitivity measurements made at intervals 
during a stay in the dark. The nature of the general 
characteristics of the function has been under special 
study for some years.** ' 

• Sponsored by American Optical Company. 

* G. Wald, Vision: Photochemistry. Medical Physics (Year Book 
Publishers, Chicaco, 1944). 

■A. Kohbrausch, Bandbuch d. normaleu und paihohgischen 
Physiol. 12, 1499 (1931). 

.J.?:J?P^' ^' ^y^- Physiol, d. SinncsorRane. 31. 

lot (1903). 



If the eye has been just previously exposed to a 
bright field, the dark adaptation function obtained is 
known to be duplex in form, i.e., made up of two seg- 
ments ; the first supposedly is based on cone vision, and 
the second on rod vision. During the first few minutes 
in the dark, sensitivity to light increases very rapidly, 
then more slowly until the function is asymptotic with 
respect to the abscissa. Sensitivity to light begins 
suddenly to increase again, rapidly at first, then prog- 
ressively more and more slowly, gradually approaching 
a constant value. The total extent of the descent in the 
first (cone) segment of the dark adapution function for 
specific experimental conditions has been estimated to 
represent an increase in sensitivity of about one hun- 
dred fold, while that of the second (rod) segment com- 
prises a much greater increase in sensitivity, perhaps 
one hundred times that represented in the descent of 
the cone segments* 

Experiments have indicated that the dark adaptation 
function does not maintain the same level when the size 
of the testfield used in measuring scnsiti\-ity thresholds 

♦ S. Hccht. "Vision H," Handbook Gm, Exp. PsychoL (Clark 
University Press, Worcester, Mass., 1934), 
« Hccht, Haig. and Wald, J. Gen. Physiol. 19. 321 (1935l. 



